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This talk

- Motivation, overview.

- Our plan and goal for Snowmass study.

- Very preliminary result.
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VBF and Incompleteness of SM, till 2011

- Therefore, this picture is not valid at  

- Something new must happen before TeV scale. 

W+

W−
W−

W+E

E

Consider: 

Growing stronger at higher energy.  
Perturbative unitarity breaks down.
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Simplest New Physics discovered!

- The Higgs boson.
Spin 0 (scalar)

- Higgs field gives masses to electrons, W/Z....

Wednesday, April 3, 13



Naturalness

- Vast difference in scales.

- Higgs an elementary 
scalar? (Would be the first 
one).

- Motivated many NP 
scenarios. 

- Will focus on 
compositeness. 

mh = 125 GeV

MPl ≈1019 GeV
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Naturalness in nature?

- Example: low energy QCD resonances: pion .... 

- m𝜋 ∼ 100 MeV. 

- Naturalness requires Λ ≈ GeV.
Indeed, at GeV, QCD ⇒ theory of quark and gluon

Pion is not elementary.

π± π±

γ

γ

δm2
π± ! e2

16π2
Λ2
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“Learning” from QCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...
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“Learning” from QCD

- Construct a new strong dynamics in which the 
low lying states will be the SM Higgs. 

- Composite Higgs models, natural.

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

⇒ new strong dynamics, 

symmetry breaking

⇒ SM Higgs
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Composite Higgs

- Many many scenarios, models in this class. 
Little, fat, twin, holographic .... Higgs

- Similar scenarios: Randall-Sundrum, A(5) ...

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC
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Coupling SM-like?

48

Combination of Higgs Results

Overall significance and signal strength
– observed:  6.9;  expected: 7.8     [ signal strength: 0.88 ± 0.21 ]

Krisztian Peters ATLAS Higgs 

Summary
Discovery of a new boson in 3 final states γγ, ZZ and WW and 2 production 
modes gg and VBF

Mass measurement in high resolution channels (γγ, ZZ)
- mH = 125.2 ± 0.3 (stat) ± 0.6 (syst) GeV

Observed signal strengths of the 5 channels compatible with a 13% probability 
with the SM expectation

35

No significant deviations from 
the SM in all tests performed
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Coupling SM-like?

- Yes. 

48

Combination of Higgs Results

Overall significance and signal strength
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with the SM expectation
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No significant deviations from 
the SM in all tests performed
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Coupling SM-like?

- Yes. 

- Possible deviations?

48

Combination of Higgs Results

Overall significance and signal strength
– observed:  6.9;  expected: 7.8     [ signal strength: 0.88 ± 0.21 ]

Krisztian Peters ATLAS Higgs 

Summary
Discovery of a new boson in 3 final states γγ, ZZ and WW and 2 production 
modes gg and VBF

Mass measurement in high resolution channels (γγ, ZZ)
- mH = 125.2 ± 0.3 (stat) ± 0.6 (syst) GeV

Observed signal strengths of the 5 channels compatible with a 13% probability 
with the SM expectation

35

No significant deviations from 
the SM in all tests performed
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Deviation in Higgs coupling

- Is O(1) deviation in Higgs coupling expected?
No. 

- Decoupling limit. 
MNP: scale of new physics which couples to Higgs. 

Direct searches, precision, flavor... ⇒ MNP ≳ TeV 

Integrating out NP, deviation δ ≈ O (v/MNP)2 ≲ 10%. 

Haber 95,   Wells et al 2012,    ILC DBD.   
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Two pronged approach to 
search for new physics
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Two pronged approach
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Two pronged approach
- Measuring δ as precisely as we can. 

δ ≈ O (v/MNP)2

δ≈1% ⇒ MNP ≈ 3-4 TeV.

Indirect, but extremely informative, e.g., the 
discovery of fermi scale.
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Two pronged approach
- Measuring δ as precisely as we can. 

δ ≈ O (v/MNP)2

δ≈1% ⇒ MNP ≈ 3-4 TeV.

Indirect, but extremely informative, e.g., the 
discovery of fermi scale.

- Direct search for the new physics
Composite resonance searches. 

At hadron colliders: σproduction ∝ MNP-6 

Tough, but detailed study possible once we 
produced them.  

Wednesday, April 3, 13



New physics induced δ 

- δ≈1% ⇒ MNP ≈ 3-4 TeV.
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.

9

Peskin, 1207.2516

More discussions in the Higgs sessions.
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Composite resonance searches in VBF

- Both the composite Higgs, the longitudinal modes 
of W/Z, typically have large couplings with the 
composite resonances. 

- Very similar to QCD, large ρππ coupling.

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC
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Composite resonance searches in VBF

- Both the composite Higgs, the longitudinal modes 
of W/Z, typically have large couplings with the 
composite resonances. 

- Very similar to QCD, large ρππ coupling.

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC

I will focus on bosonic resonances, ρ, η-like, here.

Also possible to have light fermionic resonances, such as t’.  
Very interesting. See Agashe’s talk, and talks in top/NP session
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Vector boson fusion.

- Most direct channel. Couplings to SM fermions 
more model dependent.   

- Resonance can be vector, scalar ...

- Couplings model dependent. 
Many different models and possibilities. 

ρ′, η′, ...
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A simple scalar resonance

 [GeV]s

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

50
 G

eV

-110

1

10

210

310
 = 1.0 TeVSM
 = 1.8 TeVSM
 = 2.6 TeVSM
 = 0.1Sκ
 = 0.2Sκ

Vector Boson Fusion

LS � SgMWSW�W+

Composite Higgs models:  κS ~ v/MS

Work in progress with T. Han, M. Low, R.  Ruiz

Only SM VBF process as background.
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Very Rough (and optimistic) estimate

- Assuming only SM VBF background. 
Reconstruction of resonance...
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simple 
composite models
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Plan 

- Reach for composite resonances, simple 
paramertization.

Realistic background, reconstruction. 

Various final states: WW, WZ, Zh...

Reaches at the upgraded LHC... 

- Simple benchmarks with 1 or 2 resonances. 
For example, Partial UV completion. 

- Compare with the reach from precision Higgs 
coupling measurements. 

- Connection to flavor physics. 

Contino,  Pappadopulo, Marzzoca, Rattazzi, 1109.1570  

With Agashe, Bauer, Vecchi, .... M. Bauer’s talk in Flavor/NP session
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VBF as precision coupling 
measurements, probing 
higher dim. operators

Talks in Session 5: vector boson couplings and VV scattering 
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SILH

- Higgs as a pNGB. 

- All other resonances much heavier. 

- For example, take the cH term, induces shift in 
SM hWW coupling  

equations of motion this term can, however, be rewritten as

1

m2
ρ

[
m2

HHα + λH†HHα + yf(FLfR)α
]2

, (12)

corresponding to effects that are all subleading to more direct corrections from the strong

sector.

For completenes we should also list the dimension-6 operators involving only covariant

derivatives and field strengths

O2W = (DµWµν)
i(DρW

ρν)i O2B = (∂µBµν)(∂ρB
ρν) O2g = (DµGµν)

a(DρG
ρν)a

(13)

O3W = εijkW
i
µ

ν
W j

νρW
k ρµ O3g = fabcG

a
µ

νGb
νρG

c ρµ. (14)

As we show in the appendix A, see eq. (117), the three operators in eq. (13) can be generated

at tree level through the exchange of massive vectors transforming respectively as a weak

triplet, as a singlet and as a color octet. Their coefficients are therefore in general of order

1/(gρmρ)2. The two operators in eq. (14) cannot arise at tree level in minimally-coupled

theories. For instance O3W contributes to the magnetic dipole and to the electric quadrupole

of the W . They are thus generally expected with a coefficient ∼ 1/(4πmρ)2.

2.3 The SILH effective Lagrangian

We now basically have all the ingredients to write down the low-energy dimension-6 effective

Lagrangian. We will work under the assumption of a minimally coupled classical Lagrangian

at the scale mρ.

Using the rules described in sect. 2.2, we obtain a low-energy effective action for the

leading dimension-6 operators involving the Higgs field of the form

LSILH =
cH

2f 2
∂µ

(
H†H

)
∂µ

(
H†H

)
+

cT

2f 2

(
H†←→DµH

)(
H†←→D µH

)

−
c6λ

f 2

(
H†H

)3
+

(
cyyf

f 2
H†Hf̄LHfR + h.c.

)

+
icW g

2m2
ρ

(
H†σi←→DµH

)
(DνWµν)

i +
icBg′

2m2
ρ

(
H†←→DµH

)
(∂νBµν)

+
icHW g

16π2f 2
(DµH)†σi(DνH)W i

µν +
icHBg′

16π2f 2
(DµH)†(DνH)Bµν

+
cγg′2

16π2f 2

g2

g2
ρ

H†HBµνB
µν +

cgg2
S

16π2f 2

y2
t

g2
ρ

H†HGa
µνG

aµν . (15)

9

+....

ge↵ =
gSMp
1 + cH⇠

' gSM(1� cH
2
⇠), ⇠ =

v2

f2

⇒ deviations in VBF

Giudice, Grojean, Pomarol, Rattazzi, hep-ph/0703164
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Improving on methods in VBF
Results: SILH

MEM: 100 events at
√

s = 14 TeV for pp → jjW+W+ → jj!+!′+ν!ν!′

Traditional analysis: m!! distribution, 2 bins for m!! ∈ [0,1000] GeV,

(results compatible with Ballestrero, Franzosi, Maina ’11)

!
!

!

!

!

!

MEM

m !! distr.

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

cH v 2!" 2

!
Χ
2

Talk by Ayres Freitas
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BSM constraints from EW measurements

Celine Degrande1,a

1Department of Physics, University of Illinois at Urbana-Champaign

1110 W. Green Street, Urbana, IL 61801, USA

Abstract.We investigate the impact of heavy new physics on W bosons productions at hadron colliders using an

effective field theory. After listing all the relevant dimension-six operators, their effects are computed taking into

account LEP constraints. Additionally, the effective approach is compared to anomalous couplings regarding

several issues like unitarity.

1 Introduction

There are many reasons to expect new physics beyond the

Standard Model (SM). The Higgs boson mass corrections

depend quadratically on the cut-off of the theory and claim

for new physics near the weak scale. The absence of a dark

matter candidate or the lack of an explanation for the dark

energy are other examples. If the SM is unlikely the fi-

nal theory, its good agreement with the experimental data

suggests that it is nevertheless a good approximation at the

energies that have been probed so far. Consequently, any

new model should reduce to the SM in this low energy

limit. Nonetheless, the amount of BSM models satisfy-

ing this requirement is large and encourages model inde-

pendent searches. Additionally, they allow to quantify the

space left for new physics if no deviation from the SM is

found. Model independent searches are based on simple

assumptions valid for large classes of models. For exam-

ple, the search for new resonance relies on the assumption

that the new physics appears as the exchange of a single

new particle. In the following, we will rather assume that

the new physics is too heavy to be produced directly by the

experiments but rather shows up as new interactions be-

tween the known particles. Therefore, those effects can be

described by an effective Lagrangian [1, 2]. Effective field

theories (EFT) will be introduced in section 2 and applied

to electroweak gauge bosons productions in sections 3 and

4.

2 Effective Field Theories

An effective Lagrangian is built from the low energy de-

grees of freedom only, the SM fields including the Higgs

boson in our case. As supported by the data, the operators

should also preserve the SU(3)c ⊗ SU(2)L ⊗ U(1)Y sym-

metries as well as the baryon and lepton symmetries. Only

even dimension operators can be built with those condi-

tions [3]. All the operators with dimension equal to two

ae-mail: cdegrand@illinois.edu

or four constitute the SM Lagrangian1 while the higher

dimension operators are suppressed by the new scale and

induce new interactions,

L = LS M +

∞
∑

d=6

∑

i

ci

Λd−4
Od
i
, (1)

where d is the dimension of the operators Od
i
, Λ is the

new scale and ci are coefficients that can be derived from

the complete theory including the heavy degrees of free-

dom. Far from the new physics scale, the Lagrangian (1)

reduces to the SM one as required. As the energy probed

gets closer to the new physics scale, interactions from the

dimension-six operators become relevant. However, the

theory is predictive even if their coefficients are kept as

free parameters to be model independent because this set

of operators is finite. Finally, all the operators have large

effects at or above the new physics scale and the effective

theory is no longer useful. Consequently, the EFT is only

valid below the new scale.

59 dimension-six operators can be built out of the SM

fields for only one generation of fermion [4–9]. Despite

that this number increases significantly if three flavors are

considered, the effective extension of the SM is predictive

and only a few operators contribute to a particular pro-

cess [4, 10]. Usually, the different operators can be distin-

guished because they do not affect the same observables

and/or contribute to several processes as it will be illus-

trated in sections 3.5 and 4. As a matter of fact, most

of the operators induce several vertices and contribute to

more than one amplitude due to gauge symmetries. Gauge

symmetries also cause EFT to be more predictive than the

alternative anomalous couplings approach [11]. In fact,

anomalous couplings are based only on Lorentz invari-

ance. While electromagnetic gauge invariance is often im-

posed afterwards to reduce the number of parameters, the

SU(2)L symmetry is ignored. As there is no high scale

1The only missing operator induces CP violation by the strong inter-

action.

If the new physics is heavy 

EFT for anomalous couplings

dim-6 operators give the largest contribution

Only 5 dim-6 operators for TGC and QGC

Celine Degrande (UIUC)

WW(WZ/WA) production

the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ (5)

Wµν =
i

2
gτ I(∂µW

I
ν − ∂νW

I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be

OW̃WW = Tr[W̃µνW
νρW µ

ρ ] (8)

OW̃ = (DµΦ)†W̃ µν(DνΦ) (9)

Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings

Anomalous couplings of electroweak vector bosons are discussed in one
of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the La-
grangian [6]

L = igWWV

(

gV
1 (W+

µνW
−µ − W+µW−

µν)V
ν + κV W+

µ W−
ν V µν +

λV

M2
W

W ν+
µ W−ρ

ν V µ
ρ

+igV
4 W+

µ W−
ν (∂µV ν + ∂νV µ) − igV

5 εµνρσ(W+
µ ∂ρW

−
ν − ∂ρW

+
µ W−

ν )Vσ

+κ̃V W+
µ W−

ν Ṽ µν +
λ̃V

m2
W

W ν+
µ W−ρ

ν Ṽ µ
ρ

)

(10)

where V = γ, Z; W±
µν = ∂µW±

ν − ∂νW±
µ , Vµν = ∂µVν − ∂νVµ, and the overall

coupling constants are defined as gWWγ = −e and gWWZ = −e cot θW . In
constructing this Lagrangian, the W bosons are constrained to be on shell and
the scalar components of the neutral gauge bosons are neglected [6]. These
are appropriate constraints for application of this Lagrangian to electroweak
vector boson pair production, so they do not imply a loss of generality. None
of these constraints need be imposed on the effective field theory, however;
it is valid for both real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining
four terms violate C and/or P . Electromagnetic gauge invariance implies
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in the anomalous couplings approach, there are no theo-

retical motivations to truncate the series of operators. Ad-

ditionally, the Lagrangian is expected to be valid at any

scale. However, unitarity is broken by the new interac-

tions at some scale and requires the introduction of arbi-

trary form factors [12–14]. On the contrary, unitarity is

violated only at or above the new scale in an EFT and no

form factors are needed in its validity region. Finally, the

last important virtue of EFT is to be renormalizable in the

modern sense, i.e. order by order in Λ. Consequently, ef-

fective Lagrangians can be used to compute loops (see for

example [15]) and the operators can be constrained both

by direct and indirect measurements.

3 EFT for pp→ WW

3.1 The operators

We focus here on the operators that affect the interactions

between the electroweak bosons and assume that those

modifying the interaction between the quarks and the vec-

tor bosons are constrained by other processes like Drell-

Yan or the Z decays. Three CP-conserving dimension-six

operators,

OWWW = Tr[WµνW
νρW

µ
ρ ]

OW = (DµΦ)
†Wµν(DνΦ)

OB = (DµΦ)
†Bµν(DνΦ), (2)

and two CP violating dimension-six operators,

OW̃WW = Tr[W̃µνW
νρW

µ
ρ ]

OW̃ = (DµΦ)
†W̃µν(DνΦ), (3)

satisfy this requirement. In the operators definition, Φ

is the Higgs doublet and the covariant derivative and the

strength field tensors are defined by

Dµ = ∂µ +
i

2
gτIWI

µ +
i

2
g′Bµ

Wµν =
i

2
gτI(∂µW

I
ν − ∂νW

I
µ + gεIJKW

J
µW

K
ν )

Bµν =
i

2
g′(∂µBν − ∂νBµ). (4)

Other basis of operators can be chosen. However, the triple

gauge coupling and the weak boson masses are influenced

by different operators at tree-level in this basis [16]. Con-

sequently, the coefficients of those operators do not have

strong constraints from electroweak precision tests.

3.2 Comparison to anomalous couplings

The anomalous couplings Lagrangian is [17]

LAC = igWWV
(

gV1 (W
+
µνW

−µ −W+µW−µν)V
ν

+κVW
+
µW

−
ν V
µν +

λV

M2
W

Wν+µ W
−ρ
ν V

µ
ρ

+igV4W
+
µW

−
ν (∂

µVν + ∂νVµ)

−igV5 ε
µνρσ(W+µ ∂ρW

−
ν − ∂ρW

+
µW

−
ν )Vσ

+κ̃VW
+
µW

−
ν Ṽ
µν +

λ̃V

m2
W

Wν+µ W
−ρ
ν Ṽ

µ
ρ













(5)

where V = γ, Z;W±µν = ∂µW
±
ν − ∂νW

±
µ , Vµν = ∂µVν − ∂νVµ,

and the overall coupling constants are defined as gWWγ =
−e and gWWZ = −e cot θW . This Lagrangian contains 14

free parameters. Yet, nothing forbits the addition of fur-

ther terms with extra derivatives. Electromagnetic gauge

invariance implies g
γ
1
= 1 and g

γ
4
= g

γ

5
= 0. Ultimately, the

triple anomalous couplings for the charged gauge bosons

are described using five C- and P-conserving parameters

gZ
1
, κγ, κZ , λγ and λZ and six C- and/or P-violating param-

eters gZ
4
, gZ

5
, κ̃γ, κ̃Z , λ̃γ and λ̃Z . This approach has six extra

parameters compared to the EFT. However, the anomalous

couplings can be derived from the EFT,

gZ1 = 1 + cW
m2
Z

2Λ2

κγ = 1 + (cW + cB)
m2
W

2Λ2

κZ = 1 + (cW − cB tan
2 θW )

m2
W

2Λ2

λγ = λZ = cWWW
3g2m2

W

2Λ2

gV4 = gV5 = 0

κ̃γ = cW̃
m2
W

2Λ2

κ̃Z = −cW̃ tan
2 θW

m2
W

2Λ2

λ̃γ = λ̃Z = cW̃WW
3g2m2

W

2Λ2
. (6)

The above expressions for anomalous coupling are con-

stant, i.e. they do not depend on the momenta of the vec-

tor boson. Alternatively, EFT predictions require two re-

lations [18],

∆gZ1 = ∆κZ + tan
2 θW∆κγ

λγ = λZ , (7)

where ∆gZ
1
= gZ

1
− 1 and ∆κγ,Z = κγ,Z − 1 for the CP-

conserving couplings and four relations,

0 = κ̃Z + tan
2 θW κ̃γ

λ̃γ = λ̃Z

gZ4 = gZ5 = 0, (8)

for the C- and/or P-violating couplings.

3.3 The PDG constraints

The PDG [19] constraints on triple gauge couplings,

gZ1 = 0.984+0.022−0.019

κγ = 0.979+0.044−0.045

λγ = 0.028+0.020−0.021

κ̃γ = 0.12+0.06−0.04

λ̃γ = 0.09 ± 0.07, (9)

are obtained from LEP mearurements of one parameter at

a time. Although the notations from anomalous couplings

is used, the measurements have been done imposing the

CP
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.
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g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be
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Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings
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of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach
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where V = γ, Z; W±
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ν − ∂νW±
µ , Vµν = ∂µVν − ∂νVµ, and the overall

coupling constants are defined as gWWγ = −e and gWWZ = −e cot θW . In
constructing this Lagrangian, the W bosons are constrained to be on shell and
the scalar components of the neutral gauge bosons are neglected [6]. These
are appropriate constraints for application of this Lagrangian to electroweak
vector boson pair production, so they do not imply a loss of generality. None
of these constraints need be imposed on the effective field theory, however;
it is valid for both real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining
four terms violate C and/or P . Electromagnetic gauge invariance implies
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in the anomalous couplings approach, there are no theo-

retical motivations to truncate the series of operators. Ad-

ditionally, the Lagrangian is expected to be valid at any

scale. However, unitarity is broken by the new interac-

tions at some scale and requires the introduction of arbi-

trary form factors [12–14]. On the contrary, unitarity is

violated only at or above the new scale in an EFT and no

form factors are needed in its validity region. Finally, the

last important virtue of EFT is to be renormalizable in the

modern sense, i.e. order by order in Λ. Consequently, ef-

fective Lagrangians can be used to compute loops (see for

example [15]) and the operators can be constrained both

by direct and indirect measurements.

3 EFT for pp→ WW

3.1 The operators

We focus here on the operators that affect the interactions

between the electroweak bosons and assume that those

modifying the interaction between the quarks and the vec-

tor bosons are constrained by other processes like Drell-

Yan or the Z decays. Three CP-conserving dimension-six

operators,

OWWW = Tr[WµνW
νρW

µ
ρ ]

OW = (DµΦ)
†Wµν(DνΦ)

OB = (DµΦ)
†Bµν(DνΦ), (2)

and two CP violating dimension-six operators,

OW̃WW = Tr[W̃µνW
νρW

µ
ρ ]

OW̃ = (DµΦ)
†W̃µν(DνΦ), (3)

satisfy this requirement. In the operators definition, Φ

is the Higgs doublet and the covariant derivative and the

strength field tensors are defined by

Dµ = ∂µ +
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2
gτIWI

µ +
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2
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2
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I
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µ + gεIJKW

J
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Other basis of operators can be chosen. However, the triple

gauge coupling and the weak boson masses are influenced

by different operators at tree-level in this basis [16]. Con-

sequently, the coefficients of those operators do not have

strong constraints from electroweak precision tests.

3.2 Comparison to anomalous couplings

The anomalous couplings Lagrangian is [17]
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µν +

λ̃V

m2
W

Wν+µ W
−ρ
ν Ṽ
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where V = γ, Z;W±µν = ∂µW
±
ν − ∂νW

±
µ , Vµν = ∂µVν − ∂νVµ,

and the overall coupling constants are defined as gWWγ =
−e and gWWZ = −e cot θW . This Lagrangian contains 14

free parameters. Yet, nothing forbits the addition of fur-

ther terms with extra derivatives. Electromagnetic gauge

invariance implies g
γ
1
= 1 and g

γ
4
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γ

5
= 0. Ultimately, the

triple anomalous couplings for the charged gauge bosons

are described using five C- and P-conserving parameters
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, κγ, κZ , λγ and λZ and six C- and/or P-violating param-

eters gZ
4
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5
, κ̃γ, κ̃Z , λ̃γ and λ̃Z . This approach has six extra

parameters compared to the EFT. However, the anomalous

couplings can be derived from the EFT,
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The above expressions for anomalous coupling are con-

stant, i.e. they do not depend on the momenta of the vec-

tor boson. Alternatively, EFT predictions require two re-

lations [18],

∆gZ1 = ∆κZ + tan
2 θW∆κγ

λγ = λZ , (7)

where ∆gZ
1
= gZ

1
− 1 and ∆κγ,Z = κγ,Z − 1 for the CP-

conserving couplings and four relations,

0 = κ̃Z + tan
2 θW κ̃γ

λ̃γ = λ̃Z

gZ4 = gZ5 = 0, (8)

for the C- and/or P-violating couplings.

3.3 The PDG constraints

The PDG [19] constraints on triple gauge couplings,

gZ1 = 0.984+0.022−0.019

κγ = 0.979+0.044−0.045

λγ = 0.028+0.020−0.021

κ̃γ = 0.12+0.06−0.04
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are obtained from LEP mearurements of one parameter at

a time. Although the notations from anomalous couplings

is used, the measurements have been done imposing the
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an order one number    .
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states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Wednesday, April 3, 13


